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ABSTRACT: Peptide nucleic acids (PNAs) are analogues of DNA with a neutral acyclic
polyamide backbone containing nucleobases attached through a t-amide link on repeating
units of aminoethylglycine (aeg). They bind to complementary DNA or RNA in a sequence-
specific manner to form duplexes with higher stablity than DNA:DNA and DNA:RNA
hybrids. We have recently explored a new type of PNA termed bimodal PNA (bm-PNA)
designed with two nucleobases per aeg repeating unit of PNA oligomer and attached at Cα or
Cγ of each aeg unit through a spacer sidechain. We demonstrated that Cγ-bimodal PNA
oligomers with mixed nucleobase sequences bind concurrently two different complementary
DNAs, forming double duplexes, one from each t-amide and Cγ face, sharing a common PNA
backbone. In such bm-PNA:DNA ternary complexes, the two duplexes show higher thermal
stability than individual duplexes. Herein, we show that Cγ(S/R)-bimodal PNAs with
homothymines (T8) on a t-amide face and homocytosine (C6) on a Cγ-face form a conjoined
pentameric complex consisting of a triplex (bm-PNA-T8)2:dA8 and two duplexes of bm-PNA-C6:dG6. The pentameric complex
[dG6:Cγ(S/R)-bm-PNA:dA8:Cγ(S/R)-bm-PNA:dG6] exhibits higher thermal stability than the individual triplex and duplex, with
Cγ(S)-bm-PNA complexes being more stable than Cγ(R)-bm-PNA complexes. The conjoined duplexes of Cγ-bimodal PNAs can be
used to generate novel higher-order assemblies with DNA and RNA. The Cγ(S/R)-bimodal PNAs are shown to enter MCF7 and
NIH 3T3 cells and exhibit low toxicity to cells.

■ INTRODUCTION

Peptide nucleic acids (PNAs) are acyclic DNA analogues with
an achiral backbone composed of repeating units of aminoethyl
glycine (aeg) (Figure 1a) in which the nucleobases (A/T/C/
G) are linked to each aeg unit via a tertiary amide group.1,2 The
interbase distance in PNA matches that in DNA/RNA (Figure
1b), allowing the PNA strand to form canonical base pairing
with complementary DNA/RNA strands, leading to stable
duplexes in a sequence-specific manner.3,4 The stability of
PNA:DNA/RNA duplexes is higher than DNA:DNA/RNA
duplexes and the sequence fidelity imparts a unique property
to PNA strands, which can invade DNA duplexes.5 The high
avidity of PNA for complementary DNA/RNA has been
employed in various applications for DNA/RNA diagnostics6

and antisense therapeutics.7 The simplicity of the PNA
structure, ease of synthesis, and its remarkable properties
broaden its scope for new applications through backbone
modification and conjugation with ligands that recognize cells
for use as putative gene regulatory agents.8,9 The chemical
substitutions at Cα and Cγ on the aeg-PNA backbone do not
significantly impede its hybridization with complementary
DNA/RNA.8,10 The introduction of cationic alkylamino,
guanidino, and polyethylene glycol substituents at Cα or Cγ
of aeg-PNA improved its binding to DNA and cell
penetration.10,11 One class of modifications that constrains

the aeg backbone is by intraresidue cyclization to five-
membered cyclopentyl, proline/pyrrolidine rings or six-
membered cyclohexyl moieties, which introduces conforma-
tional pre-organization, leading to preferential hybridization
with DNA or RNA.8b,12

We have recently designed and introduced “bimodal PNAs”
as new generation PNA analogues in which each amino-
ethylglycine unit carries two nucleobases with the capability to
simultaneously bind two complementary DNA/RNA
strands.13,14 In addition to the base linked to a t-amide
sidechain as in standard PNA (Figure 1a), a second nucleobase
is attached either at Cα via a triazole linker (Figure 1c)13 or
conjugated at Cγ via amide linkage (Figure 1d,e).14 bm-PNAs
with mixed composition of base sequences (A/G/T/C) on
both faces form double duplexes as demonstrated for both Cα-
triazolyl13a and Cγ(S/R)-amide-linked bimodal PNA com-
plexes.14 The double duplexes share a common bimodal PNA
backbone that participates in the formation of PNA:DNA
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duplexes from both faces (Figure 1f,g). The bimodal PNAs
possess chirality on the backbone at Cα or Cγ, and in the case
of Cγ-bimodal PNAs, the S-stereomeric duplexes have higher
stability than R-stereomeric duplexes.14 Previous attempts to
design similar DNA structures with two nucleobases per
nucleotide unit on the DNA backbone by linking a second
nucleobase at C4/C2 of sugar residues or at C5 of pyrimidine
base (double-headed DNA) destabilized the derived DNA:D-
NA duplexes and the additional nucleobase failed to base-pair
with DNA to form a second duplex.15 The structural simplicity
of the acyclic aeg-PNA backbone allows facile hosting of two
nucleobases per repeating aeg unit unlike the other DNA
analogues. The bimodal PNAs designed by us are conceptually
quite different from DNA/PNA oligomers having synthetic
Janus bases that recognize two strands of DNA from two faces
of bases,16 and these have recently found interesting
applications.17 In our bm-PNAs, the backbone itself acquires
Janus character, with natural nucleobases involved in standard
base pairing.
It is well known that polypyrimidine PNAs form stable

PNA2:DNA triplexes with complementary polypurine DNA1,5

through base pairing by one strand of PNA via Watson−Crick
hydrogen bonds and the second PNA strand via Hoogsteen
hydrogen bonds with complementary DNA. In this context, we
immediately extended the versatility of new bimodal Cα-
triazole PNAs (Figure 1c) having oligothymine on the t-amide
face that formed a (bm-triazole-PNA-Tn)2:dAn triplex, allowing
the base sequence linked to Cα-triazole on each bm-PNA
strand to form a duplex with DNA, resulting in the generation
of triplex of duplexes.13b In the chiral trimeric double duplexes
[DNA:Cγ(S/R)-bm-PNA:DNA], the S-double duplexes are
more stable than R-double duplexes.14 Combining these two
concepts, this paper reports on the assembly of pentameric
complexes from Cγ(S/R)-amide bimodal PNAs composed of
homothymine on the t-amide face and homocytosine on the
Cγ-amide face upon binding to complementary DNA strands

dA8 and dG6 (Figure 2). The results not only demonstrate the
generality of formation of higher-order assemblies from Cα/

Cγ-bimodal PNAs but also examine the S/R-stereochemical
effects of the Cγ-sidechain on the stability of the higher-order
PNA:DNA assembly. Further, we also report on the relative
cell permeation abilities and toxicities of Cγ(S/R)-bm-PNAs in
comparison to Cγ(S/R)-iso-PNA and aeg-PNA.
The target Cγ(S)-bm-PNA 1 and Cγ(S)-bm-PNA 2 (Figure

3) have oligothymine T8 linked via a t-amide sidechain as in

standard PNA with each aeg unit carrying a second nucleobase
cytosine (C) on the Cγ-sidechain in both S and R stereo
dispositions. The control Cγ(S/R)-iso-PNAs (PNA 3 and PNA
4) are analogues of standard aeg-PNA oligomers but bear
nucleobases only on the Cγ-sidechain, with no nucleobases on
the t-amide sidechain. The four target PNA oligomers were
synthesized to examine the relative stereochemical effects of
Cγ(S/R) substituents on derived assemblies from bimodal
PNAs, although it is generally known that Cγ(S)-substituted
aeg-PNAs are better for hybridization with DNA.8e,11a The
two-carbon spacer at Cγ for linking the base C was chosen due
to easy availability of the starting material and provided a
concept of proof rather than from any structural or functional
considerations. The Cγ(S/R)-iso-PNAs provide independent

Figure 1. (a) aeg-PNA, (b) DNA, (c) Cα(R)-bm-triazole-PNA, (d)
Cγ(S)-bm-PNA, (e) Cγ(R)-bm-PNA, (f) Cα(S)-bm-PNA:DNA
double duplex, and (g) Cγ(S/R)-bm-PNA:DNA double duplex. B =
T/A/G/C.

Figure 2. H-bonded pentameric triplex of duplexes that constituted
from homothyminyl-homocysteinyl Cγ(S/R)-bm-PNA and DNA
strands. Strands 1, 3, and 5 are DNA, and strands 2 and 4 are
bimodal PNA.

Figure 3. Structures of Cγ(S/R)-bm-PNAs (1 and 2) and Cγ(S/R)-
iso-PNAs (3 and 4).
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evidence on the base pairing ability of nucleobases linked at
Cγ.

■ RESULTS AND DISCUSSION
The synthesis of target bimodal PNAs (Figure 4) was done on
a solid phase employing the Cγ(S)-bm-PNA-T monomer 1 and

Cγ(R)-bm-PNA-T monomer 2, which were synthesized by
following reported procedures.6b,14 The Cγ(S/R)-bm-PNA

monomers 1 and 2 have t-amide-linked nucleobases on the aeg
backbone with orthogonally protected amino groups (NH-Boc
on the backbone and Fmoc on the Cγ-ethylamino sidechain).
The synthesis of PNA oligomers Cγ(S)-iso-PNA 3 and Cγ(R)-
iso-PNA 4 was done by using the protected monomer blocks 3
and 4 (Figure 4) synthesized as per the reported procedures.14

Solid-Phase Synthesis of Cγ(S/R)-bimodal and iso-
PNA Oligomers. The bimodal PNAs Cγ(S)-bm-PNA 1 and
Cγ(R)-bm-PNA 2 with identical base sequences but different
S/R stereochemistries of sidechain at Cγ (Figure 3) were
synthesized on 4-methyl-benzhydryl amine (MBHA) resin
using standard solid-phase synthesis protocols.18 In these
PNAs, both C and N termini contain unsubstituted aeg-PNA
units to avoid the steric hindrance in synthesis and DNA
hybridization reactions. The MBHA resin was functionalized
with L-lysine and synthesis was done from the C-terminus to
the N-terminus using the protected monomers Cγ(S)-bm-
PNA-T 1 and Cγ(R)-bm-PNA-T 2 (Scheme 1). First coupling
with the aeg-PNA-T monomer (5) was followed by
deprotection of the NHBoc group with TFA to generate a
free NH2 group on resin needed for the next coupling with

Figure 4. Structures of protected monomers used in the solid-phase
synthesis of PNA oligomers. 1. Cγ (S)-bm-PNA-T; 2. Cγ(R)-bm-
PNA-T; 3. Cγ(S)-iso-PNA-T; 4. Cγ(R)-iso-PNA-T. eam, ethylamino;
aeg, aminoethylglycyl.

Scheme 1. Common Protocol for Synthesis of Cγ(S/R)-bm-PNA Oligomers from Monomers 1 and 2 and Cγ(S/R)-iso-PNA
Oligomers from Monomers 3 and 4a

aThe wavy line represents the Cγ sidechain with S or R stereochemistry. Typical coupling reaction: microwave, 25 W; 5 min; rt, 6 h. Resin, 25 mg
(∼0.2 mmol/g); monomers (12 mg, 3 equiv): (a) (i) HOBt (3 mg, 3 equiv), HBTU (6 mg, 3 equiv), DIPEA (6 μL), DMF. (b) (i) 50% TFA in
DCM; (ii) neutralization with 10% DIPEA in DCM. (c) 20% piperidine in DMF. (d) (ii) TFA-TFMSA, thioanisole.
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Cγ(S)-bm-PNA-T (1) or Cγ(R)-bm-PNA-T (2) monomers. It
was followed by deprotection and subsequent coupling with
the appropriate monomer (1 or 2) and repetition of the steps
in every cycle. After six such cycles, the resin bound product A
(Scheme 1) was obtained. This was deprotected at the N-
terminus to yield B (Scheme 1), followed by final coupling
with the aeg-PNA-T monomer 5 to obtain the product C
[Cγ(S)-aeg-aem6-PNA-T8] (Scheme 1) that has six Fmoc-
protected ethylamine sidechains at Cγ with S or R stereo-
chemistry. This was treated with piperidine in DMF (reagent
c) to achieve single-step deprotection of all Cγ-NHFmoc
groups to generated free amino groups on the Cγ-aminoethyl
sidechain as in product D. A global coupling reaction of Cγ-
ethyl amino groups on the solid phase with cytosinyl-N1-acetic
acid 6 using the coupling agents HBTU, HOBt, and DIEA
gave the resin-bound bimodal Cγ(S)-bm-PNA 1 oligomer E

(Scheme 1). The coupling reactions were done under
microwave conditions to enhance the efficiency of reactions.
A similar protocol as in Scheme 1 was also used for the
synthesis of Cγ(R)-bm-PNA 2, Cγ(S)-iso-PNA 3, and Cγ(R)-
iso-PNA 4 oligomers from monomers 2, 3, and 4, respectively,
followed by global coupling with cytosinyl-1-acetic acid 6. All
the synthesized Cγ(S/R)-bm-PNA and Cγ(S/R)-iso-PNA
oligomers were cleaved from the resin, purified by RP-
HPLC, and characterized by mass spectral data as shown in
Table 1 and the Supporting Information (S4−S7).

Thermal Stability of Cγ(S/R)-bm and iso(S/R)-PNA:D-
NA Duplexes. The bimodal Cγ(S)-bm-PNA 1, Cγ(S)-bm-
PNA 2, Cγ(S)-iso-PNA 3, and Cγ(R)-iso-PNA 4 oligomers
were individually hybridized with DNA 1 (dG6) or DNA 2
(dA8) that are complementary to Cγ-amide (C6) and t-amide
side (T8) base sequences, respectively. The Cγ(S)-iso-PNAs 3

Table 1. HPLC and MALDI-TOF Spectral Data of the Synthesized Oligomersa

entry PNA oligomers HPLC Rt mol. formula calcd. mass obs. mass

1 Cγ(S)-bm-PNA 1 13.4 C142H187N59O45 3440.42 [M + H]+ 3441.88
2 Cγ(R)-bm-PNA 2 13.8 C142H187N59O45 3440.42 [M + H]+ 3441.55
3 Cγ(S)-iso-PNA 3 13.6 C102H155N43O29 2446.19 [M + H]+ 2446.79
4 Cγ(R)-iso-PNA 4 13.8 C102H155N43O29 2446.19 [M + H]+ 2446.74
5 aeg-PNA-C6 5 11.6 C66H93N33O19 1675.73 [M + Na]+ 1675.15
6 aeg-PNA-T8 6 13.9 C94H127N35O33 2296.92 [M + Na]+ 2296.39
7 Cf-Cγ(S)-bm-PNA 7 16.5 C164H201N59O51 3812.49 [M + H]+ 3812.47
8 Cf-Cγ(R)-bm-PNA 8 16.7 C164H201N59O51 3812.49 [M + H]+ 3812.76
9 Cf-Cγ(S)-iso-PNA 9 16.8 C124H169N43O35 2861.08 [M + K]+ 2861.99
10 Cf-Cγ(R)-iso-PNA 10 16.9 C124H169N43O35 2844.26 [M + Na]+ 2844.97
11 Cf-aeg-PNA-C6 11 16.3 C87H103N33O25 2009.78 [M + H]+ 2009.80
12 Cf-aeg-PNA-T8 12 17.0 C115H137N35O39 2670.94 [M + K]+ 2670.87

aRt, retention time (min) on the C18 column. For HPLC conditions, see Experimental Section. Observed mass by MALDI-TOF.

Figure 5. Structure and UV−T plots of Cγ-duplexes of Cγ(S/R)-iso/bm-PNA with DNA 1 (dG6). (A) Cγ(S)-iso-PNA 3:dG6; (B) Cγ(R)-iso-PNA
4:dG6; (C) Cγ(S)-bm-PNA 1:dG6; (D) Cγ(R)-bm-PNA 2:dG6 . Red curve, melting curve; blue dotted curve, first derivative plot. Numbers in
figures indicate Tm’s. Sodium cacodylate (10 mM), NaCl (10 mM), pH 7.2.
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and 4 cannot form t-amide complexes with DNA 2 as they lack
nucleobases at the t-amide side and can form only duplexes
from the Cγ-side. The thermal stability of various bm-
PNA:DNA and iso-PNA:DNA complexes was obtained by
recording UV absorbance at 260 nm as a function of
temperature.19 The melting temperature (Tm) of the
PNA:DNA hybrids corresponds to the midpoint of the
corresponding UV−T plots (Figure 5) and has been confirmed
from the peak of the first derivative curve since it provides a
more accurate estimation of the Tm value.19d

Duplexes from Cγ(S/R)-iso/bm-PNA:DNA dG6. The single
sigmoidal transitions seen for Cγ(S)-iso-PNA:dG6 (Figure 5A)
and Cγ(R)-iso-PNA:dG6 duplexes (Figure 5B) clearly indicate
that the new isomeric PNA structures carrying homocytosine
only on the Cγ-sidechain can form a perfect duplex with
complementary DNA 1 (dG6). The Cγ(S)-iso-PNA 3:dG6
duplex (5A) has thermal stability (Tm = 44.3 °C), which is
higher than that of the Cγ(R)-iso-PNA 4:dG6 duplex (5B) (Tm
= 38.7 °C) with ΔTm(S-R) of +5.6 °C. The designed Cγ(S/R)-
bm-PNAs also formed corresponding duplexes Cγ(S)-bm-PNA

1:dG6 (5C) and Cγ(R)-bm-PNA 2:dG6 (5D) with Tm’s of 68.2
and 48.3 °C, respectively (Figure 5C,D). We have earlier
shown that Cα-bm-PNA-Cn forms only a duplex with dGn at
pH 7.0 through the Jobs plot experiment and is supported by
its characteristic CD spectra. Thus, the present data suggested
that (i) the nucleobase sequence on the Cγ-sidechain (iso-
PNA) can form a duplex with DNA, similar to t-amide-linked
nucleobases in standard aeg-PNA and (ii) the presence of
unpaired nucleobases on the t-amide side (bm-PNA)
significantly enhanced the stability of Cγ-amide duplexes: the
Cγ(S)-bm-PNA 1:DNA 1 duplex (5C) stabilized by +23.9 °C
compared to Cγ(S)-iso-PNA 3:dG6 duplex (5A) and Cγ(R)-
bm-PNA 2:dG6 duplex (5D) is 9.6 °C more stable than Cγ(R)-
iso-PNA 4:dG6 duplex (5B), and (iii) the Cγ(S)-duplexes from
both iso-PNA and bm-PNA are more stable than Cγ(R)-
duplexes.

Triplexes from Cγ(S/R)-bm-PNA:DNA. The homothyminyl
Cγ(S/R)-bm-PNAs complexed with dA8 (DNA 2) to form bm-
PNA2:dA8 triplexes (Figure 6A,B) from the T8 on the t-amide
side similar to that of standard PNA2:DNA triplexes.1,4,19e A

Figure 6. Structure and UV−T plots of Cγ-triplexes of Cγ(S/R)-iso/bm-PNA with DNA 2 (dA8). (A) [Cγ(S)-bm-PNA-T 3]2:dG6 and (B) [Cγ(R)-
bm-PNA-T 4]2:dG6. Red curve, melting curve; blue dotted curve, first derivative plot. Numbers in figures indicate Tm’s. Sodium cacodylate (10
mM), NaCl (10 mM), pH 7.2.

Figure 7. Structures of pentameric triplex of duplexes and UV−T plots of Cγ(S/R)-bm-PNA:DNA 1:DNA 2 complexes. (A) dG6:Cγ(S)-bm-PNA
1:dA8:Cγ(S)-bm-PNA 1:dG6. (B) dG6:Cγ(R)-bm-PNA 2:dA8:Cγ(R)-bm-PNA 2:dG6. Buffer: sodium cacodylate (10 mM), NaCl (10 mM), pH 7.2.
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single transition was seen with a Tm of 58.8 °C for the Cγ(S)-
bm-PNA 1 triplex (6A), which is higher than the Tm of 43.6 °C
for the Cγ(R)-bm-PNA 2 triplex (6B). Again, the S-triplex was
significantly more stable than the R-triplex by +15.2 °C. The
results with triplexes are consistent with literature precedence
on duplexes that Cγ(S) substitution stabilizes PNA:DNA
duplexes better than Cγ(R)-substitution.11

Triplex of Duplexes from Cγ(S/R)-bm-PNA:DNA Com-
plexes. The Cγ(S/R)-bm-PNAs were individually hybridized
with two complementary DNAs by stoichiometric additions of
DNA 1 (dG6, complementary to the Cγ-amide side) and DNA
2 (dA8, complementary to the t-amide side). Figure 7A,B
shows the possible composite complexes of triplex of duplex
from Cγ(S/R)-bm-PNA:DNA 1:DNA 2 along with their
melting profiles. In contrast to single sigmoidal melting curves
noticed for individual duplexes (Figure 5) and triplexes (Figure
6), the pentameric complexes exhibited double sigmoidal
curves, indicating the presence of two distinct melting
transitions. The Cγ(S)-pentameric complex dG6:Cγ(S)-bm-
PNA 1:dA8:Cγ(S)-bm-PNA 1:dG6 (7A) exhibited two Tm’s of
57.4 and 77.9 °C (Figure 7A), which are higher than the
corresponding single Tm’s of the individual duplex (Figure 5A)
and triplex (Figure 6A). Similarly, the Cγ(R)-pentenary
complex dG6:Cγ(R)-bm-PNA 2:dA8:Cγ(R)-bm-PNA 2:dG6
(7B) exhibited two discernible transitions with distinct Tm’s
of 42.1 and 63.8 °C (Figure 7B) that are higher than the
corresponding Tm’s of the individual duplex (Figure 5B) and
triplex (Figure 6B). Once again, the Tm’s of the Cγ(S)-
pentameric complex were higher than those of the Cγ(R)-
pentameric complex. The double sigmoidal pattern of the
UV−T plot is consistent with similar composite complexes
noticed earlier.13,14 This indicated the melting process to be
biphasic (three-state), originating from a sequential melting
process as in DNA triplexes19a rather than a simultaneous
disassociation of both PNA strands from DNA as in
PNA2:DNA melting.19b,e The latter possibility should lead to
only a single transition representing true melting of the
pentenary complex. Since the two Tm’s in each Cγ(S/R)
bimodal PNA:DNA complex are higher than individual
duplexes/triplexes, the melting processes of the duplex and
triplex are coupled to each other, mutually enhancing their
stability.

Mismatch Cγ(S/R)-bm-PNA:DNA Duplexes. The sequence
fidelity in the complementation of base pairing from the Cγ-
sidechain in bm-PNA:DNA duplexes was examined by
determining the Tm’s of duplexes with mismatched DNA.
Cγ(S)-bm-PNA 1 and Cγ(R)-bm-PNA 2 were individually
hybridized with mismatched DNA 1m (5′-GGTGGG-3′) and
DNA 2m (5′-AAAACAAA-3′) that carry a single C:T base
mismatch on the Cγ-side and T:C t-amide side sequences
(Supporting Information, S8−S10). The comparative UV−Tm
plots for perfect and mismatched complexes are shown in
Figure 8A, and it is seen that single base mismatches
destabilized all complexes (Figure 8B). The Cγ-side mismatch
duplexes in iso-PNAs [Cγ(S/R)-iso-PNA:DNA 1m] were
destabilized by 6.1 and 4.4 °C, respectively, compared to
respective perfect duplexes (S, 5A) and (R, 5B). The
destabilization was much larger in the bm-PNA duplexes
[Cγ(S/R)-bm-PNA:DNA 1m], 22.1 and 8.1 °C, compared to
respective perfect duplexes (S, 5C) and (R, 5D) (Figure 8B).
The corresponding t-amide mismatch triplexes with DNA 2m
showed lower stability for [Cγ(S)-bm-PNA 1]2:DNA 2m by
19.6 °C compared to the Tm of perfect triplex 6A and 4.5 °C
for [Cγ(R)-bm-PNA 2]2:DNA 2m compared to the Tm of
perfect triplex 6B. In the pentameric mismatched triplex of
duplexes, the two transitions collapsed into single transition
with Tm’s of 58.5 °C for Cγ(S)-bm-PNA 1 (S, 7A) and 38.4 °C
for Cγ(R)-bm-PNA 2 (R, 7B) complexes, leading to lowering
of Tm by 19.4 and 25.4 °C, respectively (Figure 8). Thus, in
mismatched bimodal complexes, both DNA strands clearly
dissociate in a single step, similar to that in the PNA2:DNA
triplex.19b,e It should be pointed out that compared to a single
mismatch in an individual duplex, the triplexes have two
mismatches and the triplex of duplexes have four mismatch
pairs (Supporting Information, S8−S10). The degree of
destabilization observed in mismatched duplexes of S-bm-
PNA was similar to destabilization per base mismatch seen in
unmodified PNA:DNA duplexes.1,19 The mismatched duplex
stability results substantiate the co-existence of duplex/triplex
sharing a common bimodal PNA backbone, mutually
conferring higher stability on each other without loss of any
sequence specificity.

CD Spectra of Cγ-bm-PNA:DNA Duplexes. The
formation of duplexes and triplexes from Cγ(S/R)-bm-PNA

Figure 8. Comparative (A) Tm’s of duplexes, triplexes, and triplex of duplexes and (B) ΔTm of mismatch complexes. Labels on the x axis
correspond to complexes shown in Figures 5 and 7 and this figure. The numbers in panel (B) indicate the destabilization (ΔTm) of mismatched
duplexes in °C.
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and complementary DNA was supported by the CD spectra
(Figure 9) that resembled the characteristic profiles of

PNA:DNA duplexes,20 with minor changes in relative
intensities of bands. The CD spectra of triplex [Cγ(S)-bm-
PNA 1]2:dA8 showed a major positive band at 220 nm with a
shoulder and a lower intensity double hump pattern with
positive bands at 265 and 282 nm (Figures 6A and 9). This is
characteristic of the (PNA-T8)2:poly dAn triplex composed
from right-handed helices.20a The CD spectra of the duplex
Cγ(S)-bm-PNA 1:dG6 showed a positive band in the region
around 260 nm, accompanied by another positive band around
210 nm (Figures 5C and 9). The corresponding duplex and
triplex from Cγ(R)-bm-PNA 2 exhibited a similar CD profile as
shown for 5D and 6B for the duplex and triplex, respectively.
The triplex of duplexes from Cγ(S/R)-bm-PNA (Figures

7A,B and 9) showed prominent positive bands at 260−262 nm
and 217−220 nm. The Cγ(S)-bm-PNA 1 complex 7A
exhibited a relatively higher intensity band at 260 nm, perhaps
due to a better stacking of bases compared to that in the

Cγ(R)-bm-PNA 2 complex 7B. The handedness of two
stereomeric Cγ(S/R)-bm-PNA:DNA duplexes remain the
same as both of them have L-lysine at the C-terminus and
the CD spectra are dominated by DNA contribution with well-
established right-handedness of DNA:PNA duplexes.20 The
CD profile of triplex of duplexes 7A and 7B shows the
composite spectra of the t-amide triplex and Cγ-duplex. The
fact that these complexes also showed two transitions with
enhanced Tm’s of both the triplex and duplex components
suggested CD to be an inherent composite of the triplex of
duplex and not a result of the simple additive spectra of the
isolated triplex and duplex.

Order of Formation of Triplexes and Duplexes in Forming
a Triplex of Duplex. The observed conformation of triplex of
duplexes can be attained by two paths depending on the order
of assembly of the duplex and triplex (Figure 10A). In path I,
Cγ(S)-bm-PNA 1 was mixed with a stoichiometric amount of
the complementary dA8 (Figure 10, step a) and kept for
equilibration for 10 min to obtain the [Cγ(S)-bm-PNA 1]2:dA8
triplex (6A). This was followed by stoichiometric addition of
dG6 (Figure 10A, step b) to result in the triplex of duplex
dG6:Cγ(S)-bm-PNA 1:dA8:Cγ(S)-bm-PNA 1:dG6. The for-
mation of products after each of steps a and b was followed by
recording of the CD spectra. The formation of the PNA2:DNA
triplex [Cγ(S)-bm-PNA 2]2:dA8 after step a was supported by
the characteristic CD profile (Figure 10B, curve a) identical to
that of triplex 6A in Figure 9. The CD spectra of the product
obtained after step b (Figure 10B, curve b) were the same as
those of the triplex of duplex 7A in Figure 9.
The experiment was repeated (path II) by reversing the

order of DNA additions to Cγ(S)-bm-PNA 1 by first adding of
dG6 (Figure 10A, step c) to first yield the duplex Cγ(S)-bm-
PNA 1:dG6 (5C) followed by addition of dA8 (Figure 10, step
d) to yield the same final complex dG6:Cγ(S)-bm-PNA
1:dA8:Cγ(S)-bm-PNA 1:dG6. It is seen that the CD spectra
of the initial product after step c was characteristic of the

Figure 9. CD spectra of Cγ(S/R)-bm-PNA:DNA complexes. 5C
duplex: dCγ(S)-bm-PNA 1:dG6; 6A triplex: [Cγ(S)-bm-PNA 1]2:dA8;
7A triplex of duplex: dG6:Cγ(S)-bm-PNA 1:dA8:Cγ(S)-bm-PNA
1:dG6. 5D, 6B, and 7B are the corresponding complexes of Cγ(R)-
bm-PNA 1. Structures of complexes are as shown in Figures 5−7.
Sodium cacodylate (10 mM), NaCl (10 mM), pH 7.2.

Figure 10. (A) Schematic representation of stepwise addition of DNA 1 and DNA 2 to Cγ(S/R)-bm-PNA by two paths. Path I: Triplex formation
after step a followed by its duplex formation with dG6. Path II: Duplex formation with dG6 in step c followed by its triplexation with dA8 to yield a
triplex of duplex. (B, C) CD spectra of products; curve a: triplex 6A after step a; curve b, triplex of duplex 7A after step b; curve c, duplex 5C after
step c; curve d, triplex of duplex 7A after step d. (D) Overlap of CD spectra of compounds in paths I (red) and II (blue). Sodium cacodylate (10
mM), NaCl (10 mM), pH 7.2.
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duplex (Figure 10B, curve c), same as those of 5C (Figure 9)
and CD of the product dG6:Cγ(S)-bm-PNA 1:dA8:Cγ(S)-bm-
PNA 1:dG6 (Figure 10B, curve d) after step d was that of the
triplex of duplex (7A). The final products from both
experiments were identical in terms of spectral bands and
intensities (Figure 10C). A similar experiment with Cγ(R)-bm-
PNA 2 also provided identical CD spectra from both paths
(Figure S5). This experiment indicated that the order in which
the duplex and triplex are formed on either face of Cγ-bm-PNA

does not affect the conformational state of final triplex of
duplexes.

Cell Penetration and Cytotoxicity Studies. To explore
the efficiency of cell penetration, Cγ-bm-PNA and Cγ-iso-PNA
were tagged with 5(6)-carboxyfluorescein dye at the N-
terminus (Supporting Information, Schemes S3 and S4) to
obtain fluorescent Cf-Cγ(S)-bm-PNA 7, Cf-Cγ(R)-bm-PNA 8,
Cf-Cγ(S)-iso-PNA 9, and Cf-Cγ(R)-iso-PNA 10. Cellular
uptake properties of fluorescent Cf-Cγ(S/R)-bm-PNAs and
Cf-Cγ(S/R)-iso-PNAs along with control Cf-aeg-PNA-C6 11

Figure 11. Cell uptake confocal fluorescence images of bm-PNA, iso-PNA, and aeg-PNA in MCF7 cells (A) DAPI-stained and (B) treated with Cf-
PNA and NIH 3T3 cells (C) DAPI-stained and (D) treated with Cf-PNAs. The individual PNAs are shown on top of each column of panels.

Figure 12. Percentage cell uptake of aeg-PNA, Cγ(S/R)-iso-PNAs, and Cγ(S/R)-bm-PNAs measured from FACS in (A) MCF7 and (B) NIH 3T3
cells.
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and Cf-aeg-PNA-T8 12 were examined individually in MCF7
and NIH 3T3 cell lines by confocal microscopy. Figure 11
shows the confocal laser scanning images of live cells incubated
separately with fluorescently labeled PNAs (4 μM) for 24 h.
All panels in rows of Figure 11A,C show DAPI-stained images
of treated MCF7 and NIH 3T3 cells, respectively, while the
rows of Figure 11B,D show MCF7 and NIH 3T3 cells
respectively treated with Cf-PNAs as shown on top of each of
the columns. It is generally observed that Cγ-bm-PNA, iso-
PNA, and aeg-PNA enter the cell and are localized around the
nucleus irrespective of the type of modification and cell line
used. Further, NIH 3T3 cells seem to have better uptake of all
PNAs in comparison to that in MCF7 cells, and the amount of
uptake of PNAs depends on the type of modification.
Unsubstituted aeg-PNAs showed better uptake than bm-PNA
and iso-PNAs.
Flow Cytometry Studies. The cell penetrating ability of bm-

PNA, iso-PNA, and aeg-PNA oligomers were quantitatively
estimated by a fluorescence-activated cell sorter (FACS) as
shown in Figure 12. MCF7 and NIH 3T3 cells were cultured
as mentioned in the Experimental Section. The cells were
treated with 5(6)-carboxyfluorescein-functionalized bm-PNAs
[Cf-Cγ(S)-bm-PNA 7 and Cf-Cγ(R)-bm-PNA 8], iso-PNAs
[Cf-Cγ(S)-iso-PNA 9, and Cf-Cγ(R)-iso-PNA 10], and aeg-
PNAs (Cf-aeg-PNA-C6 11 and Cf-aeg-PNA-T8 12) at 4 μM
concentrations of each for 24 h. The results show that Cf-
Cγ(S)-bm-PNA 7 showed higher uptake than Cf-Cγ(R)-bm-
PNA 8 in both cell lines and a similar trend was observed in
the case of iso-PNAs: Cf-Cγ(S)-iso-PNA 9 is better than Cf-
Cγ(R)-iso-PNA 10. The Cf-aeg-PNA-T8 12 showed maximum
uptake among all the PNAs. The results are in good agreement
with that seen by confocal microscopy.
Cell Cytotoxicity Assay. The cytotoxicity of bimodal PNAs

[Cγ(S)-bm-PNA 1 and Cγ(R)-bm-PNA 2], iso-PNAs (Cγ(S)-
iso-PNA 3 and Cγ(R)-iso-PNA 4), and aeg-PNA (aeg-PNA-C6
5 and aeg-PNA-T8 6) was assessed by standard 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay (Figure 13). Both MCF7 and NIH 3T3 cells were
incubated with individual PNAs at the concentration of 4 μM
for 24 h, prior to treatment with MTT. The percent cell
viability results indicated that in MCF7 cells, all PNAs were
nontoxic to the cells (>100%), except for Cγ(S)-iso-PNA 3 and
aeg-PNA-T8 6 (<75% viability, Figure 13A). In NIH 3T3 cells,
all PNAs are nontoxic to the cell (>100% viability), except
Cγ(S)-iso-PNA 3 and Cγ(R)-iso-PNA 4 (<75% viability, Figure

13B). It is not unusual to see cell viability >100% in MTT
assays as it is based on the cell population and the UV
absorption of formazan, which is a product of enzymatic
reaction and is cell-dependent. The compounds may also cause
cells (including dead cells) to metabolize MTT more than the
control and may induce cell proliferation, leading to >100%
viability. Thus, although the uptake of bm-PNAs was not as
good as the iso- and aeg-PNAs, they were less toxic than the
other PNAs.

■ DISCUSSION

The UV-melting data on (S/R)-iso-PNA:DNA hybrids
suggested the formation of stable duplexes from new analogue
iso-PNAs that lack the t-amide-linked base as in standard PNA.
The designed bimodal Cγ(S/R)-bm-PNAs bind DNAs
complementarily from each side to yield the corresponding
binary Cγ-amide duplexes (bm-PNA-C6:dG6) and t-amide
triplexes (bm-PNA-T8)2:dA8. The formation of bm-PNA-
C5:dG6 duplexes at pH 7.0 rather than the possible C+G:C
triplexes (that needs acidic pH) is supported by our previously
reported Jobs plot showing 1:1 stoichiometry14 and the CD
profiles characteristic of duplexes (Figure 9). The homomeric
C sequence linked to Cγ in bm-PNAs is different compared to
dCn since it is attached via a flexible spacer chain rather than by
a rigid glycosidic bond as in dCn. The formation of dCn:dGn
duplexes at pH 7.0 also has literature precedence.21

In the presence of both complementary DNAs dA8 and dG6,
Cγ(S/R)-bm-PNAs hybridize on both sides of the backbone to
generate triplex of duplexes (dG6:C6-bm-PNA T8:dA8:T8-bm-
PNA-C5:dG6). This pentameric complex that constituted from
two strands of Cγ-bm-PNA and three strands of DNA (2xdG6
and 1xdA8) contains two duplexes and one triplex with a
shared backbone. The complex shows biphasic double
transition with both Tm’s higher compared to that of
independent duplex T8-bm-PNA-C6:dG6 and the triplex (C5-
bm-PNA-T8)2:dA8. Thus, Cγ(S/R)-bm/iso-PNA pentameric
assemblies are significantly more stable than the corresponding
isolated Cγ(S/R)-bm/iso-PNA duplexes and triplexes. The UV-
melting profiles of Cγ(S/R)-bm-PNA duplexes of triplex
observed in this work are consistent with that we recently
reported for Cα(R)-bm-triazole-PNA13 and Cγ(S/R)-bm-
amide-PNA.14 The Cγ(S)-stereomeric complexes (duplex,
triplex, and triplex of duplex) are more stable than Cγ(R)-
stereomeric complexes, consistent with the previous liter-

Figure 13. Cell viability measured using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay for (A) MCF7 cells and (B)
NIH 3T3 cells after treatment with 4 μM bimodal PNAs (Cγ(S)-bm-PNA 1 and Cγ(R)-bm-PNA 2), iso-PNA (Cγ(S)-iso-PNA 3 and Cγ(R)-iso-
PNA 4), and aeg-PNA (aeg-PNA-C6 5 and aeg-PNA-T8 6) for 12 h. The data shown are the average of three measurements. The error bars
represent standard deviations. Control experiments do not have any added PNAs.
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ature.11 The S-configuration at Cγ is derived from L-amino
acids and it is well established that this will favor right-
handedness in the derived PNA, which is more conducive to
bind with right-handed DNA to form a duplex. This preferred
handedness is due to helical induction occurring in PNA from
the C-terminal direction to the N-terminal direction dictated
by the chiral L-amino acid and is sterically driven. The D-amino
acid-derived PNA has R-configuration at Cγ and the induced
left-handed helix forms a less stable duplex with right-handed
DNA (entropic destabilization), although the overall duplex is
right-handed.11 The CD spectra show characteristic patterns of
a PNA:DNA duplex and PNA2:DNA triplex for the bimodal
PNA complexes, and the triplex of duplex exhibits character-
istic composite CD, distinctly different from the constituent
duplex and triplex. The order of assembly to yield the triplex of
duplexes (first triplex and then duplex or vice versa) does not
matter, and the assembly always leads to the same final
complex. This validates the general design principles of
bimodal PNAs to anchor a second nucleobase on the aeg-
PNA backbone to concurrently bind and create two
complementary DNA/RNA strands, forming double duplexes
or triplex of duplexes that are structurally coupled on a shared
PNA backbone. Since the duplexes show sequence specificity
as indicated from destabilized mismatch complexes, the base
pairing of nucleobases on Cγ-sidechains with complementary
DNA is likely to be the stronger canonical Watson−Crick
(WC) type, although Hoogsteen H-bonding cannot be ruled
out from present results. It is well known that mechanistic
variations in base pairing are possible in PNA:DNA
interactions, depending on the choice of nucleobases.22

The two-step melting of a pentameric complex with higher
Tm’s suggests a sequential melting mechanism as in DNA
triplexes19a rather than a single-step simultaneous dissociation
as in PNA2:DNA triplexes.19b,c The complete dissociation of a
ternary complex is perhaps preceded by a pre-melting
transition involving a partial unstacking of bases and backbone
conformational change as proposed in our earlier report.14 The
model also suggests that when two duplexes or duplex/triplex
coexist in a complex with a shared backbone, they exert mutual
stability on each other. The synergistic stabilizations observed
in co-existing duplex/triplex complexes perhaps arise from a
favorable conformational pre-organization provided by the first
duplex formation to facilitate association of the second
complementary strand and need further investigations.

■ CONCLUSIONS

Cγ-bimodal PNAs that have a second nucleobase linked at Cγ
in addition to that on the t-amide sidechain in each aeg unit
provide opportunity for concurrent binding of two comple-
mentary DNA/RNA sequences to from conjoined duplexes
(double duplex) or a triplex of duplex with sharing of PNA
backbone.13,14 Cγ-iso-PNA oligomers are analogues of standard
aeg-PNA with bases present only on the Cγ-sidechain and
devoid of t-amide-linked bases. The orthogonally protected
stereomeric monomers (1 and 2) along with cytosinyl N1-
acetic acid 6 were used for solid-phase synthesis of bimodal
Cγ(S/R)-bm-PNA having T8 on the t-amide side and C5 on the
Cγ-sidechain. It is demonstrated that homopyrimidinyl CγS/R-
bm-PNA-T8 can form a PNA2:DNA triplex and seeds higher-
order assembly by formation of duplexes on either side of the
triplex to form a triplex of double duplex. The Cγ(S/R)-
bimodal PNAs are shown to enter MCF7 and NIH 3T3 cells

to localize in the cytoplasm around the nucleus with less
efficiency than aeg-PNAs and are nontoxic.
The Cα/Cγ-bm-PNAs as designed by us open up avenues

for studying entirely new types of PNA:DNA complexes. Based
on the choice of the sequences on either side (polypurines/
polypyrimidines/Gn/Cn), the Cα/Cγ-bimodal PNAs have
potential to generate fused duplexes, triplexes, tetraplexes,
and even extended two-dimensional assemblies. The enhanced
stability and augmented molecular recognition properties of
the bimodal PNAs can be harnessed to rationally design
complex supramolecular PNA nanoassemblies with defined
functions tailored for various applications in biotechnology as
well as materials science.23 Among the probable biological
applications, bimodal PNAs can be used to specifically target
two genes or microRNA structures simultaneously either to
probe biological processes or to modulate them for
therapeutics.24 They also have the potential to rationally
engineer stabilization of hairpin structures in DNA/RNA in a
“paper-clip” fashion.25 Further, bimodal PNAs can be used like
DNA stapler strands in a DNA origami to expand the
repertoire of programmable folding in nucleic acid nano-
technology.26

■ EXPERIMENTAL SECTION
The chemicals used were of laboratory or analytical grade. All
the solvents used were distilled or dried to carry out different
reactions. The Cγ(S/R)-bm-PNA-T monomers (1 and 2) and
Cγ(S/R)-iso-PNA monomers (3 and 4) were synthesized as
per earlier reported procedures.14 The UV−Visible spectro-
photometric studies were done on a PerkinElmer Lambda 45
double beam UV−Vis spectrophotometer. PNA oligomers
synthesized by solid-phase protocols on MBHA resin were
purified using a reversed-phase HPLC system equipped with a
semipreparative BEH130 C18 (10 × 250 mm) column. Their
identity was established by MALDI-TOF/TOF with 2,5-
dihydroxybenzoic acid or α-cyano-4-hydroxycinnamic acid as a
matrix. The DNA oligonucleotides were commercially
obtained from Integrated DNA Technologies (IDT). Salts
and reagents used in buffer preparation such as NaCl, sodium
cacodylate, etc., were obtained from Sigma-Aldrich. The pH of
the buffer solutions was adjusted using HCl (Sigma-Aldrich).
The solid-phase synthesis was carried out using established
Boc and Fmoc protocols.27,28

Solid-Phase Synthesis of bm-PNA, iso-PNA, and aeg-
PNA Oligomers and Their Fluorescent Derivatives. The
Cγ-iso/bm-PNA oligomers were synthesized on MBHA resin
(50 mg) using both Boc and Fmoc protocols.18,27 The solid-
phase synthesis was carried out in a reactor with a sintered
glass bottom and the loading value of the resin was 0.20
mmol/g. The deprotection of the N-t-Boc group from the
resin-bound lysine with 50% TFA in DCM (3 × 15 min) was
followed by washing with DCM and DMF (3 × 10 mL) to give
a TFA salt of amine, which was neutralized using 10% N,N-
diisopropylethylamine (DIPEA) in DCM (3 × 10 min) to
liberate free amine. After washing with DCM and DMF (3 ×
10 mL), the free amine on the main chain was coupled with
appropriate individual monomers 1−4 using (i) HOBt (3
equiv, 5.0 mg), HBTU (3 equiv, 11.5 mg), and DIPEA (3
equiv, 6.0 μL) in DMF. The deprotection, washing, and
coupling cycles were repeated until the assembly of individual
Cγ(S/R)-iso/bm-PNA oligomers was completed (Supporting
Information, Schemes S1 and S2). At the end of the assembly,
global deprotection of all sidechain NHFmoc groups was done

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c02451
ACS Omega 2021, 6, 19757−19770

19766

https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c02451/suppl_file/ao1c02451_si_001.pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c02451?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


using 20% piperidine in DMF. The liberated sidechain amine
groups were coupled with cytosine-1-acetic acid (18 equiv, 55
mg) using HOBt (18 equiv, 30 mg), HBTU (18 equiv, 70 mg),
and DIPEA (18 equiv, 35 μL ) in DMF (500 μL) under
microwave conditions to obtain the resin-linked PNA Cγ-iso/
bm-PNA oligomers (Table 1, Cγ(S/R)-iso/bm-PNA 1−PNA
4). The unsubstituted aeg-PNA-C6 (PNA 5) and aeg-PNA-T8
(PNA 6) were synthesized by Boc chemistry following
reported protocols.28

The corresponding fluorescent PNA oligomers Cf-Cγ(S/R)-
bm-PNA and Cf-Cγ(S/R)-iso-PNA (Table 1) required for cell
permeation studies were synthesized (Supporting Information,
Scheme S3 and S4) after the final coupling of bm-PNA and iso-
PNA oligomers at the N-terminus. The deprotection of
terminal NHBoc on iso/bm-PNAs linked to resin was done
using 50% TFA in DCM (3 × 15 min), followed by washing
with DCM and DMF (3 × 10 mL). This gave TFA salt of N-
terminus amine, which was neutralized using 10% N,N-
diisopropylethylamine (DIPEA) in DCM (3 × 10 min) to
liberate free amine. This was coupled with 5/6-carboxy
fluorescein (3 equiv, 11.3 mg) using HOBt (3 equiv, 5.0
mg), HBTU (3 equiv, 11.5 mg), and DIPEA (3 equiv, 6.0 μL)
in DMF to obtain Cf-Cγ-iso/bm-PNAs (Table 1, PNA 7−PNA
10). The unmodified control Cf-aeg-PNA-C6 and Cf-aeg-PNA-
T8 (Table 1, PNA 11 and PNA 12) for cell permeation studies
were synthesized from resin-linked aeg-PNA (PNA 6) using
similar reactions.
Cleavage of PNA Oligomers from Solid Support. The

MBHA resin (10 mg) after assembly of bm-PNA oligomers was
stirred with thioanisole (20 μL) and 1,2-ethanedithiol (8 μL)
in an ice bath for 10 min. Cold TFA (200 μL) was added.
TFMSA (16 μL) was added slowly with stirring and the
reaction mixture was stirred for another 1.5 to 2 h at room
temperature. The resin was removed by filtration under
reduced pressure and washed twice with TFA, and the filtrate
was evaporated on a rotary evaporator at ambient temperature.
The concentrated filtrate was transferred to a microfuge tube
and the PNAs were precipitated with cold diethyl ether. The
crude PNAs were isolated by centrifugation and the precipitate
was dissolved in MilliQ water, filtered, and purified by HPLC.
The purification of PNAs was carried out on an Agilent

HPLC system with a semipreparative BEH130 C18 (10 × 250
mm) Phenomenex column using water and acetonitrile as
solvents with compositions A [0.1% TFA in CH3CN:H2O
(5:95)] and B [0.1% TFA in CH3CN:H2O (1:1)]. The
gradient for elution was 100% A to 100% B in 20 min, with a
flow rate of 2 mL/min. The HPLC elutions were monitored at
220 and 254 nm wavelengths.
UV−Temperature Absorbance Measurements. UV-

melting experiments were carried out on a Varian Cary 300 UV
spectrophotometer equipped with a Peltier heating system.
The samples were prepared in sodium cacodylate buffer (10
mM) and NaCl (10 mM) at pH 7.2. Calculated amounts of
respective oligonucleotides in the stoichiometric ratio (1:1,
duplex) were mixed to achieve a final concentration of 2 μM
for each strand. The samples were annealed by heating the
mixture at 90 °C for 10 min, followed by slow cooling to room
temperature over 8−10 h and then refrigeration for 24 h. The
samples (500 μL) were transferred to a quartz cell and
equilibrated at room temperature for 5 min. The absorbance at
260 nm was recorded in steps from 20 to 90 °C with a
temperature increment of 0.5 °C. Each melting experiment was
repeated at least thrice. The normalized absorbance at 260 nm

plotted as a function of the temperature was fitted by the
Boltzmann function sigmoidal curve for one-face binding and
the biphasic dose−response curve for two-face binding, with an
R2 value in the range of 0.96 to 0.99. The Tm was determined
from the first derivative of normalized absorbance with respect
to temperature and was accurate to ±1.0 °C. The data were
processed using OriginPro 8.5. The concentrations of all
oligonucleotides were calculated on the basis of the absorbance
at 260 nm from the molar extinction coefficients of the
corresponding nucleobases: T = 8.8 cm2/μmol, C = 6.6 cm2/
μmol, G = 11.7 cm2/μmol, and A = 13.7 cm2/μmol as per the
literature.18

Circular Dichroic Spectra. CD spectra were recorded on a
JASCO J-815 spectropolarimeter. The calculated amounts of
bm-PNA oligomers and the complementary DNA were mixed
together in the stoichiometric ratio (1:1 for the duplex) in
sodium cacodylate buffer (10 mM) containing NaCl (10 mM)
at pH 7.2 to achieve a final strand concentration of 10 μM for
each strand. The samples were annealed by heating at 90 °C
for 10 min, followed by slow cooling to room temperature
during a period of 8−10 h and refrigeration at 4 °C for 12 h.
The CD spectra of bm-PNA:DNA complexes were recorded
with samples in a 2 mm cell at a temperature of 10 °C,
scanning from 300 to 200 nm using a resolution of 0.1 nm,
bandwidth of 1 nm, sensitivity of 2 m deg., response of 2 s, and
a scan speed of 50 nm/min. The final spectra are shown as
addition of three scans.

Cellular Uptake Studies. MCF7 and NIH 3T3 (2 × 104

cells per well) cells were individually seeded on eight-well
chamber slides and allowed to grow at 37 °C in a 5% CO2
atmosphere in DMEM medium containing 10% fetal bovine
serum and 0.1% streptomycin for 24 h. The fluorescent PNAs
bm-PNAs (Cf-Cγ(S)-bm-PNA 7 and Cf-Cγ(R)-bm-PNA 8),
iso-PNAs (Cf-Cγ(S)-iso-PNA 9 and Cf-Cγ(R)-iso-PNA 10),
and aeg-PNAs (Cf-aeg-PNA-C6 11 and Cf-aeg-PNA-T8 12) (4
μM) were added for 4 and 24 h, respectively. Later, the cells
were washed three times with PBS buffer, and nuclei were
stained with DAPI reagent (2 μg/mL). Fluorescence measure-
ments were performed using excitation with an argon laser (I =
405 and 488 nm), and the emission was collected at 450−500
nm (for blue) and 490−550 nm (for green).

Flow Cytometry Studies. Both MCF-7 and NIH 3T3
(0.24 × 106 cells per well) cells were seeded on 24-well plates
and allowed to grow at 37 °C in a 5% CO2 atmosphere in
DMEM medium containing 10% fetal bovine serum and 0.1%
streptomycin until they reached 80% confluency. After that,
the fluorescent PNAs bm-PNAs (Cf-Cγ(S)-bm-PNA 7 and Cf-
Cγ(R)-bm-PNA 8), iso-PNAs (Cf-Cγ(S)-iso-PNA 9 and Cf-
Cγ(R)-iso-PNA 10), and normal control aeg-PNAs (Cf-aeg-
PNA-C6 11 and Cf-aeg-PNA-T8 12) at 4 μM concentration
were added and incubated for further 24 h. Upon incubation,
wells were washed three times with PBS buffer to remove any
excess PNAs. Finally, cells were trypsinized and resuspended in
0.5 mL of PBS for FACS measurements. Fluorescence with
respect to the control (no PNA) was measured to quantify the
cell uptake.

Cell Cytotoxicity Assay. MCF7 and NIH 3T3 (15,000
cells/well) cells were separately seeded in 96-well plates and
allowed to grow overnight at 37 °C in a 5% CO2 atmosphere in
DMEM medium containing 10% fetal bovine serum and 0.1%
streptomycin. The cells were then individually treated with
aeg/iso/bm-PNAs (Table 1, PNA 1−PNA 7) and incubated for
24 h. The media were then replaced with fresh DMEM media
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(100 μL) containing the MTT reagent (10 μL). After 4 h,
DMSO (100 μL) was added and incubated further for 15 min.
The absorbance was measured at 540 nm and the percentage
viability was calculated, considering untreated cells as 100%
viable.
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